Access to highly palatable and calorically dense foods contributes to increasing rates of obesity worldwide. Some have made the controversial argument that consumption of such foods can lead to "food addiction," yet little is known about how long-term access to highly palatable foods might alter goal-directed learning and decision making. In the following experiments, rats were given 5 weeks of continuous or restricted daily access to sweetened condensed milk (SCM) before instrumental training for food reward. Subsequently we examined whether goal-directed performance was impaired in these groups using the outcome-devaluation task. Control rats reduced responding following devaluation of the earned outcome as did those with previous continuous access to SCM. Of interest, rats with previous restricted access to SCM responded similarly under the devalued and nondevalued conditions, indicating loss of goal-directed control of responding. To identify whether the loss of goal-directed control was accompanied by differences in neuronal activity, we used c-Fos immunohistochemistry to examine the patterns of activation during devaluation testing. We observed greater c-Fos immunoreactivity in the dorsolateral striatum (DLS) and associated cortical regions in the group that received previous restricted access to SCM and demonstrated a lack of sensitivity to outcome devaluation. Infusion of the AMPA-receptor antagonist CNQX or dopamine D1-receptor antagonist SCH-23390 into the DLS before testing restored goal-directed performance in the restricted SCM group, confirming that this region is essential for habit-based performance. These results indicate that previous diet can alter subsequent learning and activity in the neural circuits that support performance.
Introduction
Feeding is normally regulated by both homeostatic and hedonic mechanisms. However, animal models have established that chronic access to highly palatable foods can lead to escalating intake, bingeing, and alterations in brain stress and reward pathways, indicating a breakdown of normal regulatory processes and loss of control over intake (Avena et al., 2008a; Kenny, 2011) . Consequently, it has been proposed that palatable foods, similar to many drugs of abuse, may foster development of addictionlike behavior patterns. By contrast, others argue that the current evidence for links between human obesity and drug addiction is overstated (Ziauddeen et al., 2012) , highlighting the need for further research examining whether the excessive intake is accompanied by a more general loss of behavioral control. How diet interacts with the behavioral and motivational determinants of actions that gain access to palatable foods remains relatively unstudied. For example, whether chronic consumption of palatable foods can promote a shift from flexible to habitual control of food seeking has yet to be examined.
Goal-directed performance relies on an expectancy related to the outcome of a particular action and the current value of that outcome. In contrast, habitual performance does not rely on outcome expectancy and is driven instead by antecedent stimuli (Dickinson, 1985; Balleine and O'Doherty, 2010) . Thus, habits are not immediately sensitive to changes in the value of the earned outcome and, as a consequence, goal-directed and habitual actions can be dissociated by modifying the value of the earned outcome using the outcome-devaluation task (Adams, 1982; Dickinson, 1985) . Previous research has shown that exposure to amphetamine (Nelson and Killcross, 2006; Nordquist et al., 2007) , alcohol (Corbit et al., 2012) , or stress (Dias-Ferreira et al., 2009 ) can lead to accelerated habitual control, suggesting that experience-based neuroadaptations resulting from such exposure enhances habit learning and the expression of habits in performance.
The following experiments examined whether long-term continuous or restricted access to a palatable food would, similarly, cause habits to form more rapidly than seen in animals without this exposure by assessing sensitivity to outcome devaluation.
Further, goal-directed performance and habit-based performance rely on distinct neural circuits that center on the medial and lateral regions of the dorsal striatum (DS), respectively, and their inputs from the associative and sensorimotor cortices (Yin et al., 2008; Balleine and O'Doherty, 2010) . Thus, behavioral differences should be accompanied by changes in the neural circuits that underlie performance. Using c-Fos immunoreactivity (IR) as a marker of cellular activation, we tested for regional differences in activation of the DS and cortical afferents following a devaluation test in rats with previous access to palatable food compared with controls. We then tested whether activity in the dorsolateral striatum (DLS) was necessary for habitual performance by assessing the effects of infusions of glutamate or dopamine antagonists in this region at test. We predicted that rats pre-exposed to palatable food would show evidence of habitual control indicated by decreased sensitivity to outcome devaluation and increased activation of the DLS, and that decreasing activation of the DLS would restore goal-directed responding.
Materials and Methods

Experiment 1: effects of continuous and restricted access to a highly palatable food on goal-directed performance and neuronal activity in corticostriatal circuits
Subjects and apparatus. Thirty-six experimentally naive, male LongEvans rats weighing 337-475 g at the start of the experiment served as subjects (Monash Animal Services). Rats were housed in groups of 4 -6 in plastic tubs inside a temperature-controlled and humidity-controlled room. Training and testing took place during the light phase of the 12 h light/dark cycle with lights turned on at 7:00 A.M. Rats were handled daily for a week before any experimental manipulation and water was available ad libitum in home cages for the duration of the experiment. All experimental procedures were done according to The University of Sydney animal ethics guidelines in compliance with international standards.
Behavioral training took place in operant chambers (32 ϫ 25 ϫ 25 cm; Med Associates) that were housed individually within sound-reducing and light-reducing cabinets. Each chamber contained a recessed magazine, where outcomes were delivered, and a retractable lever, left of the magazine. A house light mounted on the top-center of the wall facing the levers and magazine provided illumination. The chambers were equipped with a pellet dispenser that delivered a single 45 mg, grainbased pellet (Bio-Serv) and a syringe pump that dispensed 0.1 ml of 20% (w/v) sucrose solution.
Pretreatment phase. Rats were divided into three groups (n ϭ 12) and assigned to the control, continuous-access, or restricted-access conditions. Intermittent or restricted access to sucrose or other palatable foods has been shown to be particularly powerful in producing escalation of consumption of those foods and concomitant changes in brain reward pathways (Avena et al, 2008a) . As such, we compared the effects of restricted and continuous access to a palatable food on subsequent instrumental learning. For the next 5 weeks, all rats had ad libitum access to laboratory chow and water in the home cages. Two groups of rats additionally received daily access to sweetened condensed milk (SCM; 22% fat, 67% sugar, 10% protein, 3.25 kilocalories/g; Nestle; diluted with water in a 3:1 ratio). Rats in the continuous-access group had continuous access to SCM except when bottles and rats were being weighed. Rats in the restricted-access group had access to SCM for 2 h each day. To control for any effects of handling and isolation, each day all rats were taken from their group cages, weighed, and placed in individual feeding cages for 2 h. During this time, rats in the continuous-access and restrictedaccess groups had chow, a bottle of SCM, and a bottle of water available, whereas the control group had chow and two bottles of water available. Bottles of SCM and containers of chow were weighed before and after the 2 h access period to measure consumption and caloric intakes for each rat. At the end of the 2 h period, rats were placed back in their group cages.
Instrumental training. Following the pretreatment phase, rats were restricted to ϳ15 g of chow per rat per day 3 d prior and throughout behavioral training to maintain body weight at ϳ90% of free-feeding weight. Rats were fed when all groups had completed the daily training sessions.
All rats were exposed to grain pellets and the 20% sucrose solution in the home cage before training to reduce novelty and ensure consumption during magazine training and in the devaluation tests. Half the rats in each group were trained to respond for grain pellets while the other half responded for a 20% sucrose solution. On the first day, rats underwent magazine training where 10 of their designated outcomes were delivered with the levers retracted. The following day, levers were introduced and each response was reinforced until 60 outcomes were earned or 75 min had elapsed. Subsequently, responding was reinforced according to variable interval (VI) schedules of reinforcement such that the average number of seconds between opportunities for reinforcement increased each day as follows: VI 15, VI 30, VI 60, VI 60, VI 60, VI 60 s. A criterion of 60 rewards was set for the first three training sessions such that rats not obtaining 60 rewards by the end of each session were given additional training before progressing onto the next schedule. Lever presses and magazine entries were recorded for each session.
Devaluation by specific satiety and extinction test. Each rat was tested twice, under both devalued and nondevalued conditions (order counterbalanced). For the devalued condition, rats were given 1 h ad libitum access to their instrumental outcome (grain pellets or sucrose) in an individual feeding cage. For the nondevalued condition, rats were given 1 h ad libitum access to the opposite outcome (sucrose if their instrumental outcome was grain pellets and vice versa). The amount of pellets and sucrose consumed were recorded. Immediately after this, rats were placed in the operant chambers and lever-press responding tested in a 5 min extinction test. The following day, rats were given a retraining session identical to the final training day (VI 60 s). Rats were then tested in the opposite condition (rats that were in the devalued condition were now placed in the nondevalued condition and vice versa).
Histology. Two hours after the final devaluation test, rats were deeply anesthetized with sodium pentobarbital (120 mg/kg, i.p.) and perfused transcardially with heparinized saline (0.9%), followed by paraformaldehyde (4%). The brains were removed and postfixed in paraformaldehyde (4%; 4°C for 24 h) and then sucrose in PBS (25%, pH 7.24; 4°C for 48 h). The striatum and prefrontal cortex were coronally sectioned at 40 m using a cryostat and sections were collected in four series and stored in PBS (4°C) until immunohistochemistry was conducted.
c-Fos immunohistochemistry. Two tissue samples (both from the control group) were lost as a result of equipment failure. Consequently c-Fos IR in the DS was analyzed in 34 brains (10 control, 12 continuous access, and 12 restricted access). Anterior sections, including cortical regions of interest, were lost for a further 6 animals and so analysis of cortical regions was based on 28 animals (8 control, 10 continuous access, and 10 restricted access).
Sections were prepared by rinsing in alcohol (50%), alcohol (50%) containing hydrogen peroxide (3%), and finally blocked in normal horse serum (NHS; 5%) in 0.1 M phosphate buffer (PB), pH 7.4, for 30 min each. This was followed by incubation in primary antibody (1:1000; c-Fos (4): sc-52 donkey anti-rabbit polyclonal IgG; Santa Cruz Biotechnology) diluted in 2% NHS, 0.2% Triton X-10, and 0.1% sodium azide in 0.1 M PB at room temperature (RT; 48 h). After rinsing in PB, sections were incubated in secondary antibody (1:1000; donkey anti-rabbit IgG; Jackson ImmunoResearch Laboratories; 24 h, 4°C), diluted with 2% NHS, 0.2% Triton X-10 in PB, and then avidin-biotin complex (ABC Kit, Vector Laboratories; 2 h, RT). A nickel-intensified 3,3-diaminobenzidine (DAB) reaction was performed to reveal c-Fos IR indicated by black staining. Glucose oxidase (735 U/ml) was added to a solution containing 0.5% DAB, 0.2% D-glucose, 0.04% ammonium chloride, and 1% nickel sulfate in 0.1 M sodium acetate buffer, pH 6.0 (15 min). Finally, sections were mounted on gelatin-coated slides, dehydrated, cleared with histolene, and coverslipped with Entellan.
To address whether c-Fos IR was selectively distributed in the neurons of the direct or indirect output pathways of the striatum, a second series of tissue was double stained for c-Fos IR and enkephalin (ENK) IR, which colocalizes with D2 neurons of the indirect pathway (Gerfen, 1992; Le Moine and Bloch, 1995) . As a very small percentage of neurons express both D1 and D2 receptors, and given that the vast majority of cells in the striatum are medium spiny neurons, neurons that were negative for ENK IR were likely to be D1-containing neurons of the direct pathway (Gerfen, 1992; Le Moine and Bloch, 1995) . After reacting for c-Fos IR, the sections were reincubated in rabbit pre-pro ENK (1:1000, Neuromics) and then in donkey anti-rabbit IgG (1:1000, Jackson ImmunoResearch Laboratories). A DAB reaction was then performed as above but without nickel intensification to reveal a brown reaction product. Serial-staining with two primary antibodies raised in the same animal (rabbit) was necessary because of the low levels of c-Fos IR revealed by goat-anti-c-Fos antibody (1:50; Santa Cruz Biotechnology) and lack of a suitable commercially available alternative rabbit anti-c-Fos antibody (Bossert et al., 2012) .
c-Fos-IR quantification. c-Fos IR was manually counted using a light microscope at 10ϫ magnification by an experimenter blind to group identity. Regions of interest were delineated using reference structures and a grid reticule located in the right eyepiece of the microscope. For each subject, counts were made for both the DLS and the dorsomedial striatum (DMS) from three sections across the rostrocaudal extent of the striatum (ϩ1.56, ϩ0.6, and Ϫ0.3 mm relative to bregma) defined using reference structures (e.g., descussation of the anterior commissure) and a rat brain atlas (Paxinos and Watson, 2005) . Counts were also made for the cortex on a subset of rats (N ϭ 28) including the cingulate (Cg), prelimbic (Prl), and infralimbic (iL) cortices (ϩ3.00 and ϩ3.24 mm relative to bregma), and the somatosensory cortex (SS; ϩ3.00, ϩ1.56, ϩ0.6, and Ϫ0.3 mm relative to bregma; see Fig. 3A ). Finally, c-Fos IR and c-Fos IR double-labeled ENK cells were counted within the DLS.
Statistical analysis. The data were analyzed using one-way and repeated-measures ANOVAs with statistical significance set at p Յ 0.05. Where necessary, Bonferroni's post hoc analyses were performed for multiple comparisons in the case of significant interactions. Data are presented as mean Ϯ SEM.
Experiment 2: the effects of AMPA-receptor and D1-receptor antagonism in the DLS on habitual performance following restricted access to a highly palatable food
Experiment 1 provided evidence of increased activation of the DLS and associated cortex in the restricted-access group that demonstrated habitual responding at test. As the cortex provides a strong glutamatergic input to the striatum, we hypothesized that reducing these inputs would decrease activation of the DLS and consequently reduce habitual performance. We, therefore, examined whether infusions of the AMPAreceptor antagonist CNQX in the DLS before devaluation testing would attenuate the fast excitatory input to this region and decrease the expression of response habits at test.
Subjects and apparatus. Twenty-one experimentally naive, male rats served as subjects. Housing conditions and the behavioral apparatus were identical to those described in Experiment 1.
Pretreatment phase. As restricted access to SCM was found to have a more dramatic effect on subsequent learning than continuous access in Experiment 1, we chose to focus on this treatment in Experiment 2. For 5 weeks, all rats had ad libitum access to laboratory chow and water in the home cages, and each day rats in the SCM group also had access to SCM for 2 h in their home cages, whereas the control group did not. Once each week, rats from both groups were taken from their home cages and placed in individual feeding cages for the 2 h feeding period to monitor individual consumption levels.
Surgery. Stereotaxic surgery was conducted under isoflurane anesthesia to implant bilateral guide cannulae (26 gauge; Plastics One) targeting the DLS (anterior-posterior, ϩ1.3 mm; medial-lateral, Ϯ3.8 mm; dorsal-ventral, Ϫ2.1 mm ventral to the skull). Guide cannulae tips were positioned 3 mm dorsal to the intended infusion site; thus, the final dorsal-ventral coordinate for the infuser tips was Ϫ5.1 mm ventral to the skull.
Instrumental training. Following recovery from surgery, rats were foodrestricted and trained to perform a lever-press response to earn either grain pellets or a 20% sucrose solution as described in Experiment 1.
Devaluation tests and CNQX infusions. Each animal underwent four tests to allow testing in both the devalued and nondevalued conditions under both saline and the AMPA/kainate-receptor antagonist CNQX (6-cyano-7-nitroquinoxaline-2,3-dione, disodium salt; Abcam; with test order counterbalanced for drug vs saline and devalued vs nondevalued conditions). For the devalued condition, rats were given 1 h ad libitum access to their instrumental outcome (grain pellets or sucrose) in an individual feeding cage. For the nondevalued condition, rats were given 1 h ad libitum access to the opposite outcome.
Five minutes before testing, infusions of 0.3 l of 1 mM CNQX (dissolved in sterile saline) or saline were delivered via infusion cannulae (33 gauge; Plastics One). Infusions were made over 1 min, and the infusion cannulae were left in place for a further minute to allow for diffusion. Following the infusion, rats were placed in the operant chambers and after a delay of ϳ5 min the lever was inserted and responding was recorded under extinction conditions.
It is possible that prior restricted access to and binge consumption of the palatable food altered the efficacy of the specific-satiety treatment (Ahn and Phillips, 2012) and so, immediately following the extinction test, rats were returned to the feeding cages and administered a consumption test. Rats were given 10 min access to 30 g of either the same (devalued) or different (nondevalued) outcome that they had been prefed, and consumption was measured. Decreased consumption of the same versus different food would confirm that the devaluation treatment itself was effective, which is important for interpreting the effects of SCM and CNQX on instrumental responding at test.
Rats were given a single retraining session, identical to the final training day (VI 60 s) between each of the four test days. Histology. Rats were overdosed with sodium pentobarbital (120 mg/ kg, i.p.) and the brains were removed and coronally sectioned at 40 m using a cryostat. Sections were then mounted on glass slides and stained with cresyl violet to allow verification of cannulae placement using a light microscope. Cannulae placements were plotted on templates modified from a rat brain atlas (Paxinos and Watson, 2005) .
Results
Experiment 1: restricted access to SCM accelerates habitual control of instrumental performance and increases activity in the DLS and associated cortical regions Caloric intake in the 2 h access period
The mean kilocalories consumed in the daily 2 h period averaged for each week and each group are displayed in Figure 1A . A mixed 3 ϫ 5 ANOVA with group as the between-subjects factor and week as the within-subjects factor revealed a main effect of group (F (2,33) ϭ 261.79, p Ͻ 0.001). Between-subjects contrasts revealed that rats with restricted access to SCM consumed significantly more kilocalories during this period compared with either those with continuous access to SCM (F (1,33) ϭ 114.55, p Ͻ 0.001) or to control rats (F (1,33) ϭ 261.79, p Ͻ 0.001). Those with continuous access to SCM also consumed significantly more kilocalories compared with controls that only had access to chow (F (1,33) ϭ 147.95, p Ͻ 0.001). There was a main effect of week (F (4,132) ϭ 11.90, p Ͻ 0.001) and a significant group-week interaction (F (8,132) ϭ 7.244, p Ͻ 0.001). Contrasts indicated that the increase in the 2 h kilocalorie consumption over the weeks was greater for rats with restricted access to SCM compared with control rats (F (1,33) ϭ 17.11, p Ͻ 0.001), while there was no significant difference in the increase in the 2 h kilocalorie consumption over the weeks when comparing rats with continuous access to SCM to the chow-only group (F (1,33) ϭ 1.74, p Ͼ 0.05).
Weekly weight gain across the pretreatment phase Weight gain each week was used to detect potential differences in weight gain between groups. These data are shown in Figure 1B . A 3 ϫ 5 ANOVA revealed a main effect of week indicating that weight gain differed across weeks (F (4,132) ϭ 9.3, p Ͻ 0.001) and a main effect of group (F (2,33) ϭ 14.6, p Ͻ 0.001). Post hoc analysis indicated that, collapsed across weeks, the continuous-access group gained more weight than the control group ( p Ͻ 0.001) or the restricted-access group (p ϭ 0.016), which did not differ significantly from each other ( p ϭ 0.07). There was also a group-week interaction indicating that the group difference in weekly weight gain differed across the weeks (F (8,132) ϭ 2.095, p Ͻ 0.05). Simple effect analyses indicated that there were group differences in weight gain for weeks 1 (F (2,33) ϭ 4.8, p Ͻ 0.05), 2 (F (2,33) ϭ 6.8, p Ͻ 0.01), and 5 (F (2,33) ϭ 7.0, p Ͻ 0.01), but not 3 (F (2,33) ϭ 2.8, p Ͼ 0.05), or 4 (F (2,33) ϭ 0.9, p Ͼ 0.05). Post hoc analyses demonstrated that this interaction was generated by greater weight gain by the continuous group compared with the control group in weeks 1, 2, and 5 (p Ͻ 0.01 in all cases). Other comparisons did not reach significance. Figure 2A shows that all three groups increased lever pressing across training sessions. Preliminary analysis explored any effect of earned outcome identity (i.e., sucrose vs pellets) on instrumental training, consumption, or extinction performance during testing or c-Fos activation. No effect of outcome or interactions with this factor were found and so data were collapsed across this factor for subsequent analyses. A mixed ANOVA showed a significant effect of day (F (5,165) ϭ 30.54, p Ͻ 0.001), but no effect of group (F (2,33) ϭ 1.00, p Ͼ 0.05) and no interaction between these factors (F (5,165) ϭ 0.65, p Ͼ 0.05). Thus, all groups showed equivalent instrumental performance in training.
Behavioral training
Outcome-devaluation test
There was no difference between groups in the amount consumed before the extinction test during the specific satiety procedure [F (1,33) ϭ 1.7, p Ͼ 0.05; mean outcomes (SEM) for the control, continuous, and restricted groups as follows: 217 (16.1); 203 (12.0); 220 (14.2)], indicating that previous diet manipulations did not alter consumption of the earned outcomes when available ad libitum. The results of the devaluation tests are presented in Figure 2B . ANOVA revealed a main effect of devaluation such that responding was significantly lower in the devalued condition (F (1,33) ϭ 13.59, p Ͻ 0.01). There was no main effect of group (F (2,33) ϭ 2.36, p Ͼ 0.05). However, there was an interaction between devaluation and group (F (2,33) ϭ 4.99, p Ͻ 0.05). Simple effects analyses revealed that while rats in the control (F (1,11) ϭ 7.86, p Ͻ 0.05) and continuous-access (F (1,11) ϭ 10.56, p Ͻ 0.01) groups were sensitive to devaluation, those in the restricted-access group failed to show a significant devaluation effect (F (1,11) ϭ 0.19, p Ͼ 0.05), responding similarly in the devalued and nondevalued conditions.
Analysis of c-Fos-IR cells
Goal-directed behavior and habitual behavior are mediated by distinct neural circuits centered on the medial and lateral regions of the DS, respectively (Yin et al., 2004 (Yin et al., , 2005 . Given the differences between groups in their performance following outcome devaluation, we examined whether there were related group differences in patterns of neuronal activation within the DS and cortical afferents.
Schematic representation of the regions where counts of c-Fos-IR cells were made is presented in Figure 3A . Examples of photomicrographs from the DLS (Fig. 3B-D ) and the DMS (Fig.  3E-G) from each of the three groups are also presented. It can be seen from the images that in the DLS there was more c-Fos IR for the restricted group than for the control and continuous groups, but there was no such difference between groups in the DMS. Figure 4A . Caloric intake and weight gain across weeks of access to SCM. A, Mean (ϮSE) kilocalories (kcal) consumed in the 2 h access period across weeks for rats in the control, continuous-access, or restricted-access groups. Caloric intake was higher for rats with restricted access to the SCM compared with either those with continuous access to SCM or to control rats receiving only chow. Rats with continuous access to SCM consumed more kilocalories in the access period than controls. B, Mean weight gain (in grams; ϮSE) per week across weeks of access to SCM. The continuous-access group gained more weight than controls or the restrictedaccess group, which did not differ from each other. N ϭ 12 per group. which did not differ from each other ( p Ͼ 0.05). In contrast, there was no group effect for the analysis of c-Fos-IR cells in the DMS (F (2,31) ϭ 0.8, p Ͼ 0.05).
As with the medial versus lateral divisions of the DS, different regions of the cortex have also been implicated in goal-directed and habitual behavior. Specifically, the iL is important in the development of habitual behavior (Killcross and Coutureau, 2003) and the sensory-motor regions of the cortex provide input to the DLS (including Cg/M2 and SS; McGeorge and Faull, 1989; Ebrahimi et al., 1992) . In contrast, the Prl has been implicated in acquisition of goaldirected behavior (Corbit and Balleine, 2003; Ostlund and Balleine, 2005) . Figure 5 shows counts of these cortical regions. , 2005) . B-G, Representative c-Fos IR in the DLS (B-D) and DMS (E-G) for rats in the control, continuous-access, and restricted-access groups, respectively. It can be seen that in the DLS rats in the restricted group had higher c-Fos IR than rats in the other two groups, while no such differences were seen in the DMS. The results are quantified in Figure 4 . Figure 5A ; F (1,25) ϭ 5.6, p Ͻ 0.01) with c-Fos IR of the restricted-access group greater than only the control ( p Ͻ 0.01) and not continuous group ( p ϭ 0.126). Hence, consistent with the role of the iL in promoting habitual behavior, neuronal activity in the iL was elevated for the restricted-access group, the only group showing habitual behavior during test.
Analysis of iL revealed a group effect (
For the Prl, there was no group effect ( Fig. 5B ; F (1,25) ϭ 0.21, p Ͼ 0.05). Hence, as for the DMS, history of palatable food consumption and devaluation condition had no effect on c-Fos IR in the Prl.
Analysis of sensory-motor regions revealed significant group effects for both Cg/M2 (Fig. 5C ) and SS ( Fig. 5D; F (2,25) ϭ 3.494, p Ͻ 0.05, and F (2,25) ϭ 4.6, p Ͻ 0.05, respectively) where significantly greater c-Fos IR was seen only for the restrictedaccess group when compared with the control group ( p Ͻ 0.05 for each the Cg/M2 and SS) and not the continuous group ( p Ͻ 0.05 in each case). Hence, sensorimotor afferents to DLS display the same general pattern of c-Fos IR as the DLS, where binge treatment tended to increase the levels of c-Fos-IR in these regions.
Finally, because there were significant differences in c-Fos IR between groups for the DLS, we sought to identify these neurons as part of either the direct or indirect striatal output pathways (which are ENK negative and positive, respectively) by double labeling with ENK IR (Fig. 6A) . Analysis of total c-Fos IR confirmed prior DLS counts with a main effect of group ( Fig. 6B; F (2,31) ϭ 5.469, p Ͻ 0.05) but with differences between only the restrictedaccess and control groups ( p Ͻ 0.05) and not between the restricted-access and continuous-access groups ( p Ͼ 0.05). The total number of double-labeled c-Fos-ENK-IR cells was low for all groups ( Fig.  6D ; between 5 and 15 cells across the three sections examined, which represents ϳ10% of the total c-Fos-IR cells), suggesting that overall greater neuronal activity was in the non-ENK direct striatal output pathway (or potentially also in interneurons). Analysis of single-labeled c-Fos-IR cells (non-ENK) also revealed an effect of group ( Fig. 6C; F (1,31) ϭ 4.022, p Ͻ 0.05), where differences were found only between the restricted versus control groups ( p Ͻ 0.05) and not restricted versus continuous groups ( p Ͼ 0.05). Similarly, analysis of double-labeled c-Fos-ENK-IR cells revealed a group effect ( Fig. 6D ; F (2,31) ϭ 4.453, p Ͻ 0.05), due to differences between the restricted and control groups only ( p Ͻ 0.05). Thus, differences in c-Fos IR between groups were due to differing levels of activation in both the enkephalinergic indirect pathway and nonenkephalinergic neurons. However, it is noteworthy that for all groups most c-Fos-IR was not located in ENK neurons of the indirect pathway.
Experiment 2: AMPA-receptor or D1-receptor antagonism in the DLS restores goal-directed control in animals with previous restricted access to SCM Histology Histological assessment indicated that cannulae were placed outside of the DLS for three subjects and so these rats were excluded from all analyses, leaving 10 animals in the control and 8 animals There was greater c-Fos IR in the restricted-access group compared with the control group but not the continuous-access group. B, Total c-Fos IR in the prelimbic cortex. There were no group differences in c-Fos IR in the prelimbic cortex. C, Total c-Fos IR in the cingulate and motor cortex. There was greater c-Fos IR in the restricted-access group compared with the control but not the continuous-access group. D, Total c-Fos IR in the somatosensory cortex. There was greater c-Fos IR in the restricted-access group compared with the control but not the continuous-access group. Asterisk indicates significant difference between groups (Bonferroni). N ϭ 8, 10, and 10 for the control, continuous-access, and restricted-access groups, respectively. in the SCM groups. Figure 7D shows cannulae placements for these animals extending from ϩ2.04 to ϩ1.08 mm from bregma in the anterior-posterior plane.
Caloric intake and weight gain in the pretreatment phase
The kilocalories consumed in the daily 2 h period averaged for each week and each group is displayed in Figure 7A . ANOVA revealed a main effect of group (F (1,16) ϭ 1443.7, p Ͻ 0.01), demonstrating that rats with restricted access to SCM consumed significantly more kilocalories during this period than the control group with access only to chow. There was also a main effect of week (F (4,64) ϭ 10.1, p Ͻ 0.01), and a significant group-week interaction (F (4,64) ϭ 11.2, p Ͻ 0.01). Simple effects analyses examining the effect of week for each group indicated that intake increased across weeks in the SCM group (F (4,28) ϭ 8.8, p Ͻ 0.01) but not the control group (F (4,36) ϭ 1.0, p Ͼ 0.05).
Weekly weight gain across the pretreatment phase
Mean weight gain (in grams) each week is shown in Figure 7B . ANOVA revealed a main effect of week indicating that weight gain differed across weeks (F (4,64) ϭ 6.1, p Ͻ 0.01). However, there was no effect of group (F (1,16) ϭ 0.0, p Ͼ 0.05) and no interactions between these factors (F (4,64) ϭ 1.9, p Ͼ 0.05), demonstrating that weight gain was equivalent for the two groups as in Experiment 1.
Behavioral training
Responding during instrumental training is shown in Figure 7C . ANOVA revealed a significant effect of day (F (5,80) ϭ 37.8, p Ͻ 0.01), but no effect of group (F (1,16) ϭ 0.1, p Ͼ 0.05) and no interaction between these factors (F (5,80) ϭ 0.7, p Ͼ 0.05). Thus, both groups showed equivalent instrumental performance in training as in Experiment 1.
Outcome devaluation tests
There were no group differences in the amount consumed before the extinction tests [F (1,16) ϭ 0.4, p Ͼ 0.05; mean outcomes (SEM) for the control and SCM groups were 212 (7.9) and 220 (7.4), respectively], indicating that previous diet manipulations did not alter consumption of the earned outcomes when those were freely available. The results of the devaluation tests are presented in Figure 8 . ANOVA conducted on the first four tests revealed a main effect of devaluation with lower responding in the devalued condition compared with the nondevalued condition overall (F (1,16) ϭ 24.3, p Ͻ 0.01). There was no main effect of drug (F (1,16) ϭ 1.1, p Ͼ 0.05), indicating that overall response rates did not differ when saline or CNQX were administered. However, there was an interaction between drug and devaluation (F (1,16) ϭ 8.1, p Ͻ 0.05). There was no main effect of group (F (1,16) ϭ 0.1, p Ͼ 0.05), indicating that overall response rates did not differ between the control and SCM groups, and there was no interaction between group and devaluation (F (1,16) ϭ 0.1, p Ͼ 0.05). However, most importantly, there was a three-way interaction between devaluation, drug, and group (F (1,16) ϭ 8.9, p Ͻ 0.01), suggesting that response rates during the devaluation conditions were influenced by both the past SCM treatment and CNQX administration. Inspection of Figure 8A shows that the control group demonstrated a devaluation effect when saline or CNQX was administered, whereas the SCM group (Fig. 8C ) was insensitive to devaluation following saline but sensitivity was restored when CNQX was administered. Analysis of the performance of the control group confirmed a significant devaluation effect (F (1,9) ϭ 10.5, p Ͻ 0.01) and no effect of drug (F (1,9) ϭ 0.2, p Ͼ 0.05) or interaction between these factors (F (1,9) ϭ 0.1, p Ͼ 0.05). In contrast, analysis of the performance of the SCM group confirmed that CNQX treatment altered sensitivity to devaluation in this group. There was a significant effect of devaluation (F (1,7) ϭ 18.3, p Ͻ 0.01) and, while there was no main effect of drug (F (1,7) ϭ 2.6, p Ͼ 0.05), there was an interaction between these factors (F (1,7) ϭ 15.8, p Ͻ 0.01). Simple effects analyses confirmed that, while this group did not modify performance in response to devaluation following saline infusions (F (1,7) ϭ 3.3, p Ͼ 0.05), a significant devaluation effect was observed following infusions of CNQX (F (1,7) ϭ 10.3, p Ͻ 0.01). Likewise, comparison of responding in the devalued condition was reduced by CNQX relative to saline (F (1,7) ϭ 7.8, p Ͻ 0.05). Thus, antagonism of AMPA receptors in the DLS rescued sensitivity to devaluation in animals with previous restricted access to SCM.
The results of the consumption tests conducted immediately following the test of lever-press performance are presented in Figure 8 B, D. Analysis revealed a significant effect of devaluation (F (1,16) ϭ 84.7, p Ͻ 0.01); rats in both groups ate less of the same There was greater c-Fos IR in the restricted-access group compared with the control but not the continuous-access group. C, Total c-Fos IR in ENK-negative cells also showed effects of group with greater activation in the restricted-access group compared with the control group, but not the continuous-access group. D, Total c-Fos IR in ENK-positive cells also showed effects of group with greater activation in the restricted compared with the control group. Thus, the pattern of activation based on group was similar in the ENK-positive and ENK-negative cells, but overall activation was greater in the ENK-negative population. Asterisk indicates significant difference between groups (Bonferroni). N ϭ 10, 12, and 12 for the control, continuous-access, and restrictedaccess groups, respectively. food as they had previously consumed compared with a different food, thus confirming the efficacy of the devaluation treatment. While there was an effect of group, indicating that the SCM group ate more in these tests (F (1,16) ϭ 5.6, p Ͻ 0.05), there was no interaction between group and devaluation (F (1,16) ϭ 0.2, p Ͼ 0.5), demonstrating that while the SCM group ate more overall, their consumption was nonetheless sensitive to the devaluation treatment. There was no effect of drug (F (1,16) ϭ 0.02, p Ͼ 0.05), and none of the interactions involving this factor approached significance (all F's Ͻ 1). These data confirm that the specificsatiety treatment itself was effective in both groups and that the failure of the SCM group to modify lever-press performance following devaluation is not secondary to compromised specific satiety.
Finally, the performance in the final two extinction tests, where the D1-antagonist SCH-23390 was administered into DLS under both devalued and valued conditions, revealed that D1 antagonism also restored sensitivity to devaluation for the SCM group (Fig. 8E) . These tests were analyzed separately because their order was not counterbalanced with the other tests. ANOVA demonstrated a main effect of devaluation (F (1,16) ϭ 6.3, p Ͻ 0.05) and no group effect (F (1,16) ϭ 1.0, p Ͼ 0.05) or interaction between these factors (F (1,16) ϭ 0.002, p Ͼ 0.05), indicating that both groups showed sensitivity to outcome devaluation when D1 receptors were antagonized. Responding in these tests was lower than in the initial tests, which could have been due to a general effect of the dopamine antagonist on motor output, to repeated testing in extinction, or to a combination of these factors. Nevertheless, none of these explain the greater effect in the devalued relative to the nondevalued condition. Thus, the differential performance in the SCM group in the devalued versus nondevalued condition suggests that D1-receptor activation contributes to habitual performance in this group. The consumption test data (Fig. 8F ) also revealed an effect of devaluation (F (1,16) ϭ 117.4, p Ͻ 0.01), no effect of group (F (1,16) ϭ 0.5, p Ͼ 0.05), and no interaction between these factors (F (1,16) ϭ 0.01, p Ͼ 0.05). This finding supports a role for the direct output pathway from the DLS in promoting habitual responding, which was suggested by the pattern of c-Fos IR in Experiment 1.
Discussion
We investigated the effects of long-term consumption of a palatable food on subsequent instrumental learning and tested whether rats with either previous restricted or continuous access to SCM would show accelerated habitual control over food-seeking behavior. We found that sensitivity to devaluation was reduced in rats with previous restricted access to a palatable food compared with control rats fed a regular diet or rats given continuous access to the same palatable food. When we examined patterns of neuronal activation following devaluation testing, greater c-Fos IR was observed in regions previously demonstrated to be critical for habit learning, notably the DLS and associated sensorimotor cortices, in rats with previous restricted access to palatable food relative to the other groups. Finally, we tested whether glutamatergic activity within the DLS was necessary for habitual performance by examining the effects of infusions of the AMPA-receptor antagonist CNQX into the DLS and found that sensitivity to devaluation was restored by this treatment. Together, these data demonstrate that a history of binge-like consumption of a palatable food alters subsequent instrumental learning, resulting in earlier habitual performance and greater activation of the DLS and associated cortical structures, and that goal-directed performance can be rescued by decreasing activity in the DLS. . Prefeeding and instrumental training data and cannulae placements for rats in Experiment 2. A, Mean (ϮSE) kilocalories (kcal) consumed in the 2 h access period across weeks for rats in the control or restricted-access groups. Caloric intake was higher for rats with restricted access to the SCM compared with control rats receiving only chow. B, Mean weight gain (in grams; ϮSE) per week across weeks of access to SCM. There were no group differences in weight gain. C, Mean (ϮSE) lever presses across days of instrumental training. Responding increased across days and there were no group differences in responding. D, Schematic representation of cannulae placements in the DLS for the control group (black circles) and restricted SCM group (white circles) for animals included in the analysis of Experiment 2 (templates adapted from Paxinos and Watson, 2005) . Numbers indicate the distance from bregma in anterior-posterior plane. N ϭ 10 and 8 for the control and restricted-access groups, respectively.
Caloric intake and changes in body weight
Consistent with previous demonstrations, limiting access to the SCM led to greater consumption in the access period and can be interpreted as evidence for bingeing behavior (Avena et al., 2008a; Berner et al., 2008) . Rats with restricted access to SCM consumed more kilocalories in this period than the control or continuousaccess groups and escalated their intake across the 5 weeks of access. Interestingly, these effects were found in male rats. Female rats show higher rates of binge eating, eat more palatable food within a binge, and escalate faster than males in related paradigms (Babbs et al., 2011; Klump et al., 2013) . Thus, female rats may also demonstrate earlier or greater effects of diet on instrumental learning, which may be of importance given that human females are more prone to eating disorders than males.
Of note, in Experiment 1, rats with continuous access to SCM gained more weight than those with restricted access, suggesting greater total caloric intake, yet this was less detrimental to subsequent instrumental learning than the restricted access. This provides evidence that weight gain can be partially dissociated from other deleterious effects of a sweet-fat diet (La Fleur et al., 2011) and that binge consumption rather than total consumption may be particularly important for producing the differences in cognitive control that we observed. This may relate to previous findings that binge-like, but not continuous, consumption of sucrose following restricted access can produce other behavioral changes, including escalation of intake and increased motivation following abstinence (Avena et al., 2005) , opiate-like withdrawal when sucrose is removed (Colantuoni et al., 2001 (Colantuoni et al., , 2002 , and cross-sensitization with drugs like amphetamine (Avena and Hoebel, 2003) , indicating that this manipulation has particularly powerful effects on reward circuitry and related behavior.
Effects of palatable foods on associative learning
As predicted, rats with previous restricted access to SCM showed reduced sensitivity to devaluation compared with control rats, providing evidence that habitual control is established more rapidly in these animals and paralleling findings following exposure to drugs of abuse (Nelson and Killcross, 2006, 2013; Nordquist et al., 2007; Corbit et al., 2012) .
There were no group differences in the acquisition or rate of responding throughout the training phase. Thus, differences in performance following outcome devaluation cannot be attributed to differential response rates or other performance differences during training. Further, there were no differences in consumption during the specific-satiety treatment or consumption tests conducted in Experiment 2, confirming that sensoryspecific satiety was intact in the restricted-access group and thus impaired satiety mechanisms cannot account for the lack of devaluation effect. Finally, the patterns of neuronal activity, illustrated with c-Fos immunoreactivity, and the restoration of goaldirected performance following AMPA-receptor antagonism in the DLS, complement the behavioral findings and provide parallel evidence that performance in the different groups was governed by alterations in neural circuits and learning systems and not simply due to reduced efficacy of the specific-satiety treatment resulting from previous diet history.
Control by distinct corticostriatal circuits
Goal-directed and habitual behavior are mediated by DMS and DLS regions of the DS, respectively (Yin et al., 2004 (Yin et al., , 2005 . For example, animals with lesions or inactivation of the DMS show Figure 8 . Sensitivity to outcome devaluation following restricted access to a palatable food and effects of AMPA-receptor and D1-receptor antagonism in the DLS. A, C, Mean lever presses in a 5 min extinction test following prefeeding of the earned (devalued) or an alternative outcome (nondevalued) following infusions of either saline or CNQX. A, Control animals selectively decreased responding following devaluation and performance was unaffected by CNQX. C, Rats in the restricted-access group responded similarly regardless of devaluation condition, indicating loss of sensitivity to changes in outcome value following saline infusion. Infusion of CNQX restored sensitivity to devaluation in this group. Asterisk indicates p Ͻ 0.05. B, D, Consumption (in grams) of the same (devalued) or different (nondevalued) food consumed during the specific-satiety treatment for control (B) and SCM (D) groups. Both groups showed consumption that was sensitive to devaluation by specific satiety and ate less when given the same compared with a different food. E, F, Sensitivity to outcome devaluation following D1-receptor antagonism. Both groups showed similar sensitivity to devaluation following infusions of SCH-23390 measured in either lever-press performance (E) or consumption (F ) . N ϭ 10 and 8 for the control and restricted-access groups, respectively. reduced sensitivity to change in outcome value or instrumental contingency, demonstrating lack of goal-directed control when the DMS is compromised (Yin et al., 2005, Corbit and Janak, 2010) . Conversely, lesions or inactivation of the DLS preserve or reinstate goal-directed control following extended training where controls show habitual responding, demonstrating that this structure is critical for habit learning (Yin et al., 2004; Corbit et al., 2012 ). Here we demonstrate that restricted access to palatable food, which accelerates the shift to habitual control over performance, also increases activation of the DLS and associated cortical regions (SS, Cg/M2) following devaluation testing. While an increase in DLS activation was observed with habitual performance, there were no group differences in the levels of c-Fos IR in the DMS, suggesting that the change in behavioral control is the result of increased activity of the DLS rather than downregulated activity in DMS circuitry and, indeed, goal-directed performance was restored by decreasing activation of the DLS during testing. The current findings add to a growing number of reports that control of performance shifts from ventral to dorsal and medial to lateral striatal circuits following extended training and/or exposure to powerful rewards (Nelson and Killcross, 2006; Pierce and Vanderschuren, 2010; Corbit et al., 2012; Everitt and Robbins, 2013 ).
Relation to effects of drugs of abuse
Numerous similarities in activation of or changes to neural systems including opiate, acetylcholine, serotonin, GABA, and glutamate following drug exposure or consumption of high-calorie food have been described and have been reviewed in detail previously (Hoebel et al., 2009; Corwin et al., 2011; Kenny, 2011 , Nestler, 2004 Volkow at al., 2013) . Notably, drugs of abuse and palatable foods increase activity in, and produce long-term changes to, the mesolimbic dopamine pathway. Although future studies will be needed to fully understand the mechanism(s) through which binge-like consumption of SCM accelerates habit learning, the current results point to several intriguing possibilities. For example, frequent intake of high-fat and high-sugar foods is associated with decreased dopamine D2-receptor sensitivity and expression in the striatum of rodents and obese humans, paralleling the effects seen after chronic exposure to psychostimulants (Colantuoni et al., 2001; Wang et al., 2001; Trinko et al., 2007; Johnson and Kenny, 2010) . D2 receptors are implicated in controlling behavioral flexibility (Yawata et al., 2012) and their downregulation could contribute to loss of goaldirected control. Furthermore, decreased D2 function produces disruption in the balance between direct and indirect pathways in the striatum and relatively greater activity in the D1-containing direct pathway neurons. Recent work suggests this change in relative activity may drive the compulsive behavior seen after chronic cocaine or other treatments that reduce D2 function (Park et al., 2013) . These effects are of interest in relation to the recent report that habitual performance produced by pretraining amphetamine sensitization could be reversed if animals were treated with a D1 but not D2 antagonist before instrumental training sessions (Nelson and Killcross, 2013 ). In the current study, habitual performance, after access to palatable food, was associated with increased c-Fos-IR cells predominately in non-D2-expressing neurons, and thus likely in D1-expressing neurons. This suggests an important role for these neurons and D1 antagonist-induced restoration of goal-directed performance following restricted access to palatable food supports this suggestion. Thus, relative dominance of D1 signaling and/or downregulation of D2-receptor function produced by bingelike consumption of SCM is a potential mechanism for the observed effects. Further studies directly assessing altered D2 expression and/or function and examining the effects of drugs targeting D2 receptors will be important to fully understand how dopamine signaling relates to habitual performance and the effects of diet on learning.
Overall, numerous reported similarities suggest there may be common neural mechanisms that are impacted following drug use and excessive intake of palatable foods. Some have taken this as evidence that chronic consumption of palatable foods can lead to a natural form of addiction (Volkow et al., 2013) . It is not clear, however, that consumption of palatable foods or even the development of obesity in the population at large can accurately be characterized as resulting from a "food addiction," as the criteria used to define addiction are not met simply because someone is overweight or eats certain foods (Smith and Robbins, 2013; Ziauddeen and Fletcher, 2013) . Thus, until more evidence is accumulated, the concept of food addiction may best be reserved for a subset of cases or conditions, despite spurring increased research and debate Ziauddeen et al., 2012) .
Regardless of whether food addiction is an accurate conceptualization, understanding the cognitive processes that underlie performance of food-seeking behaviors will be important for promoting behavioral change in the population. The current demonstration that cognitive control can be altered by previous diet, and particularly the finding that diet can promote habitual responding, has implications for interventions aimed at modifying these behaviors. Lack of conscious cognitive oversight over habits may present unique challenges to reversing these behavior patterns, meaning these behaviors may be difficult to change even in motivated individuals (Tiffany, 1990) .
Conclusion
Our findings demonstrate that binge eating as a result of restricted access to a highly palatable food leads to early habitual control of instrumental performance. These behavioral findings were complemented by increased activation of the DLS and associated cortex following devaluation testing in rats that demonstrated habit-based performance and, indeed, goaldirected performance was restored by decreasing this activity. Reduced sensitivity to current outcome value may reflect diminished cognitive control over food-directed behaviors and could promote overeating. Understanding the cognitive and neural control of food-seeking behaviors and how these are modified by diet has important implications for strategies used to modify these behaviors.
